Abstract: Delay in publication of energy statistics prevents a timely assessment of progress towards meeting targets for energy saving and emission reduction in China. This makes it difficult to meet the requirements to rapidly monitor and evaluate energy consumption for each province.
Introduction

Context
The ability of China to control its energy consumption and carbon emissions is critical not only for China but indeed for the whole planet. The Chinese government attaches great importance to sustainable development, energy conservation, and emission reduction [1] [2] [3] . The "Revolution of Energy Production and Consumption (2016-2030)" issued by the National Development and Reform Commission and the National Energy Administration of the People's Republic of China sets a clear target for energy consumption. By 2020, the total energy consumption in China must be controlled within 5 billion tonnes of coal equivalent; CO 2 emissions intensity of GDP (the ratio of total CO 2 emissions to GDP) should be reduced by 18% compared to those in 2015; and the energy consumption intensity of GDP (the ratio of total energy consumption to GDP) should be reduced by 15% compared to that in 2015. By 2030, the total energy consumption in China must be controlled; China's total annual energy consumption should not exceed 6 billion tonnes of coal equivalent; CO 2 emissions intensity of GDP should fall by 60%~65% compared with 2005; the peak of CO 2 emissions should be around 2030 and the targets should be achieved as soon as possible. Looking ahead to 2050, the Chinese economy should aim to produce less than half its energy requirements from fossil fuels. Simultaneously, all provinces have included the total energy consumption control target in the "13th Five-Year Plan" energy-development planning goals. Among these provinces Beijing, Inner Mongolia, Hunan and others regard total energy consumption limits as a binding target [4] . This shows that the Chinese government is fully committed to achieve a controlled reduction of its emissions through setting and maintaining achievable targets [5] [6] [7] . However, current delays in the production of China's energy statistics prevents a timely assessment of progress in meeting the targets for energy-saving and emission reduction for each province. Typically data used to update the China Energy Statistical Yearbook is one year out of date and that for the Local Statistical Yearbook around 9-10 months [8, 9] .
With the rapid development of satellite remote sensing technology in China, for example, the successful launch of China's first carbon satellite on December 22, 2016 , satellite imagery data is continuing to be enriched. There is now a significant possibility for using satellite remote sensing data for reasonably accurate estimation of energy consumption in China's provinces on a sound 3 scientific basis in response to which further targets for energy-saving and emission-reducing policies can be formulated according to the observed spatio-temporal changes in provincial energy consumption. This is now in need of urgent research given the rapid progress in satellite-based remote-sensing big data. Global night-time light data acquired by the OLS sensor on the US military meteorological satellite DMSP is an ideal data source for monitoring the intensity of human activities to which energy consumption is closely related. The Defense Meteorological Satellite Program's Operational Linescan System （DMSP/OLS） global night-time light data can be used to estimate energy consumption effectively. By considering regional spatial heterogeneity and comprehensively using global night-time light data together with energy consumption, population size, land area and other statistical data, this paper establishes a spatio-temporal geographically weighted regression model of energy consumption in China based on DMSP/OLS night-time light data which can be used to estimate provincial energy consumption and provide a supplementary reference for the use of satellite remote sensing image data for monitoring and assessment of provincial energy consumption.
Successful applications to date
Sensors to capture global satellite night-time light data are different from sensors by monitoring features of total solar radiation, scattered radiation, direct radiation and reflected radiation, which uses an optical multiplier tube at night with strong photoelectric amplification to effectively detect the low-intensity night-time lights produced by a city's night-time lights and even small-scale residential areas as well as traffic flows. Therefore, the DMSP/OLS night-time light image can be used as a representation of human energy activities and is an ideal data source for monitoring human production and everyday energy use. Since the 1980s, with the gradual improvement of DMSP/OLS global night-time light image data, an increasing number of scholars have applied night-time light data in urbanization monitoring, economic growth assessment, CO 2 emissions spatial distribution analysis and energy/electricity consumption estimation, more and more applied research appears, but there are relatively fewer applied studies on provincial energy consumption estimation in China.
In the field of urbanization monitoring, due to variations in atmospheric conditions and periodic changes in satellite sensors, DMSP/OLS night-time light data obtained in different years cannot be directly compared and this makes it difficult to use the time series DMSP/OLS 4 night-time light data for urbanization monitoring. Some techniques such as normalizing time series DMSP/OLS night-time light data and deriving urban detection threshold using Pseudo Invariant Features [10] and systematically correcting multi-year multi-satellite night-time stable lights data [11] etc have been developed. These have been successfully applied to the following: urban growth analysis at Liaoning region in China [10] , revealed urban expansion in China [11] , estimation of urban indicators for individual Chinese cities [12] , urbanization processes and rural transition synthetic analysis in China [13] , mapping of urbanization dynamics at regional and global scales [14] , monitoring of urbanization in India [15] . In these cases the techniques proved to be accurate and effective.
In the field of economic growth assessment, it is possible to consider night light as an indicator of personal consumption [16] , and DMSP/OLS night-time light satellite imagery was applied to estimate the following: provincial economic development level of China [17] , GDP estimation at different spatial scales and regional levels [18] , and efficiency as an estimator of economic activity [19] . Results show that the DMSP/OLS night-time light data can well reveal economic development in different levels.
In the field of spatial distribution analysis of CO 2 emissions, integrating the DMSP/OLS night-time stable light (NSL) data with CO 2 emissions data [20] , and DMSP/OLS night-time light satellite data was applied to the following: analysis of the spatiotemporal distribution of CO 2 emission in China [20] , estimation of the carbon dioxide emissions in China [21] , assessment of China's city-level CO 2 emissions arising from energy consumption [22] , estimation of CO 2 emissions at urban scales of China [23] , estimation of CO 2 emissions in East Asian Region [24] , development of a global 1 km×1 km annual fossil fuel CO 2 emission inventory [25] , evaluation of the constraints on the spatial structure of CO 2 emissions from fossil fuels [26] , use of imagery as a tool for global mapping of greenhouse gas emissions [27] , creation of a global grid of distributed fossil fuel CO 2 emissions [28] . Results show that DMSP/OLS night-time light satellite data with CO 2 emissions data are good agreement, and can be extended to the future using updated data.
In the field of energy/electricity consumption estimation, research at the global and national levels first explored the correlation between night-time light intensity and energy consumption in the major global economies. Based on the determination of the correlation between the two above, regression analysis models were established to estimate the energy consumption. Shi et al. [29] 5 used the calibrated DMSP/OLS Night-time Stabilized Light (NSL) data to characterize the spatio-temporal dynamics of global power consumption. The results indicated that it was relatively appropriate and accurate to estimate the global power consumption by calibrated NSL data. By using the US night-time light data to study 18 cities in the eastern United States, Welch [30] built a regression model of night-time light data together with population, urban area and power consumption variables, which showed that the estimation of electricity consumption performed well using night-time light data at both national and regional scales. Based on DMSP/OLS global night-time light image data, Elvidge et al. [31] conducted a preliminary regression analysis of the relationship between population, economic activity, power consumption and light intensity in 21 countries around the world and found a strong correlation between light intensity and power consumption, which proved that DMSP/OLS night-time light data could be used to estimate power consumption. Chand et al. [32] Research at the provincial and urban levels in China is similar to that at the global and national levels, which mainly establishes efficient inverse models to estimate energy consumption at the 6 provincial and urban levels based on global night-time light imagery and energy consumption data.
However, there are few applied studies on the estimation of energy consumption in the provinces of China. At present, the night-time light data are mainly used to estimate carbon emissions from energy consumption. Based on global night-time light imagery and energy statistics, Meng et al. [23] proposed a top-down approach to estimate urban carbon emissions in China, which found that night-time light data were suitable for estimating carbon emissions in Chinese cities. According to DMSP/OLS night-time light image data, Su [22] developed a set of remote-sensing assessment methods for China's urban-grade carbon emissions from energy consumption, which solved the problem of the lack of city-level energy consumption statistics in China and the inconsistency in country-province-city data. Besides, carbon emissions of 30 provinces and 66 prefecture-level cities from 1992 to 2010 were simulated by Su [22] , with the maximum difference by 269.982 million tonnes between the simulated value and statistical data, the minimum difference by 60,000 tonnes, the mean square error by 9.438 million tonnes, and the relative error by 7.7%. Shi et al. With the changes in the world economic structure, the international energy-consumption pattern also shows significant variability. As a major energy consumer in the world, China is 7 undergoing profound changes in both total energy consumption growth and diversity of spatial patterns. Taking the provincial energy consumption in China as the research object, this paper uses the spatio-temporal geographically weighted regression (GTWR) to establish the simulation model of provincial energy consumption based on DMSP/OLS night-time light data. Full consideration of the spatio-temporal differences of satellite night-time light intensity and energy consumption at the provincial level in China, can provide a reference for the use of satellite remote sensing data to establish a global-national-regional energy consumption monitoring system as a new "three-dimensional" complementary metric.
Data Sources and Processing
Data sources
The DMSP/OLS night-time light data used in the study is sourced from the National As the conversion factors are various, the sum of provincial energy consumption data is not equal to the national total. To compare the provincial spatio-temporal simulation results with the national total, the annual energy consumption forecast value is converted by the ratio of provincial total energy consumption to national total energy consumption based on the simulation of provincial energy consumption by a spatio-temporal geographically weighted regression model.
Simulation Model
In China, types and structures of provincial energy consumption vary caused by different factors involving resource endowment, population size, economic development, industrial structure, and technological level with a vast territory. Hence, there are also great spatial and temporal differences in the energy consumption of provinces. 
In Eq. 
In Eq. (2) 
In Eq. (4), Based on stable night-time light data, China's energy consumption measurement model for sub-provinces is as follows:
In Eq. (5) 
Simulation Results
Variable selection
The National Bureau of Statistics has revised the energy consumption data since 2000 based on the results of the third national economic census. Taking 2013 as an example, the total energy consumption after revision was increased by 420 million tonnes of coal equivalent. More specifically, the proportion of coal consumption in total energy consumption was increased by 1.4%; oil and gas consumption as a share of total energy consumption decreased by 1.3% and 0.5%, respectively; and the proportion of primary electricity and other energy to total energy consumption increased by 0.4%. The increase in the total energy consumption and the share of coal consumption has made a greater impact on the basic data of energy consumption. To be consistent with the revised energy statistics data, this study selects the provincial energy 
General simulation results
On the basis of obtaining the DN values of DMSP/OLS stability at night in 30 provinces by 15 inter-calibration, intra-annual integration and inter-annual correction, the influential coefficients of DN at steady night-time light intensity and its spatially lagging term on the per capita energy consumption and energy consumption per unit area in different provinces are estimated by a spatio-temporal geographically weighted regression model. Through cross-validation, the optimal bandwidths of Model 1 and Model 2 are determined to be 0.2518 and 0.2415, respectively. The overall results of two models perform well, in which the goodness of fit are as high as 99.74% and 99.95%, respectively. According to the description statistics of parameters estimation by two models in Tables 1 and Table 2 , the DN value of the stable night-time light intensity and its spatially lagging term have a greater variation in the influential coefficient both by the per capita energy consumption and the energy consumption per unit area, which further indicates that the spatial and temporal heterogeneity of the satellite night-time light data need to be considered when simulating the energy consumption of China's provinces. This further proves that it is more practical to choose a spatio-temporal geographically weighted regression model to capture the temporal and spatial dynamic characteristics of provincial energy consumption. 
Temporal and spatial simulation results
From both time and space perspectives, the spatio-temporal simulation of energy consumption in China based on satellite night-time light data perform well. 
Model application
China's provincial energy consumption spatio-temporal simulation results perform well based on stable night-time light data, indicating that it is feasible to use satellite night-time lighting data to rapidly estimate energy consumption in China's provinces. "China Energy Statistical Yearbook"
and "Local Statistical Yearbook" are the important basis of assessments on energy-saving and emission-reducing targets in each province. At present, the data update of the "China Energy
Statistical Yearbook" typically lags behind by one year and the data update of the "Local Statistical Yearbook" typically lags behind by 9-10 months, which brings a certain lag to the provincial energy-saving and emission-reducing target assessment and makes it difficult to meet 19 the energy saving requirements for rapidly monitoring and evaluating consumption. With the continuous expansion of China's application of high-resolution satellite data, satellite remote sensing has also played unique advantages of all days, three-dimensional, and continuous observation in the fields of energy conservation, emission reduction, and climate change response.
One more obvious use is to observe energy consumption changes as a result of extreme weather events which we are told will become more frequent.
We have entered a critical period during which critical changes in global temperatures may be reached causing irreversible damage to the ecosystem. Any means that can be devised to shorten to the time loop from observation to actual observed change through policy is therefore of potentially critical importance. Through constructing a spatio-temporal geographically weighted regression model between satellite remote sensing data and energy consumption, the regression model provides relatively accurate data for provincial energy-consumption monitoring and evaluation, which is an effective complement to the rapid implementation of provincial energy consumption monitoring and assessment in the era of satellite remote sensing. The spatio-temporal simulation model can be applied to energy policy, if we regard the policy change group as "our side" and climate change as "the enemy" then what is critical is the speed of policy action compared with the speed of climate change combined with changes in variables that affect it such as population growth and economic development.
Discussion and conclusions
By DMSP/OLS global night-time light image data and sub-provincial energy consumption, population size, land area and other statistical data processed by inter-calibration, intra-annual integration and inter-annual correction, spatio-temporal geographically weighted regression models are constructed among stable night lightness DN value with per capita energy consumption and energy consumption per unit area. The provincial energy consumption in China is estimated with population size and land area based on the simulation. According to the estimation results, the simulated value of the model is close to the actual energy consumption with the goodness of fit over 99%. In terms of the average annual energy consumption in 2000-2013, the relative errors of the annual average energy consumption in two models are both within 5.5%, and the relative errors of all provinces are within 1%. From both time and space perspectives, the relative errors in most provinces are within 5%.
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The model estimation results indicate that the spatio-temporal simulations of China's energy consumption based on stable night-time light image data perform well, and can be used to estimate and forecast energy consumption in China's provinces as we;; as providing a complementary reference for monitoring and evaluating the energy consumption by satellite remote sensing data.
With the improvement of global and Chinese satellite remote sensing technologies and applications, it becomes a future application direction to develop satellite image data services through "global-country-region" energy consumption monitoring. The key is to exploit the natural advantages of all days, wide coverage and objective accuracy of remote sensing satellite imagery data. By making full use of China's autonomous remote sensing satellite imagery data and foreign remote sensing satellite resources, satellite imagery data with other statistical databases involving population size and land area could be correlated, in order to format algorithms coupling the satellite image data and statistical data. Hence, energy consumption in China's provinces can be effectively and efficiently simulated, which provides data support for regional energy-consumption monitoring and assessment.
In the future, the key direction of China's provincial energy consumption forecast based on satellite night-time lighting data is to use machine learning techniques to extract effective information from satellite remote sensing data sources. Using daily, ten-day, monthly, quarterly, and annual satellite remote sensing data and energy consumption models to monitor energy consumption in national, provincial, municipal, district, and key areas dynamically and provide scientific decision support for macroeconomic trends.
The spatio-temporal simulation model of China's provincial energy consumption based on satellite night-time light data proposed in this paper can be widely applied to "three-dimensional" energy consumption spatio-temporal simulation at the global, national and regional levels. It provides a quick and accurate supplementary to the monitoring on the world's energy consumption pattern, changes in energy consumption of major economies, changes in energy consumption of country's internal regions. Research ideas also provide references for other similar studies involving carbon emissions, electricity consumption, economic growth, and urbanization monitoring and evaluation.
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